The membrane proteases are enzymatic proteins that have transmembrane domains reminiscent of ion channels. Results: Two proteases with known structure have ion channel activity, and the activity is altered in catalytic dead mutants. Conclusion: Proteases can have dual functionality as enzymes and ion channels. Significance: Other higher-order proteases, including presenilin may have dual functionality as both ion channels and proteases.
not sufficient to probe the exact transmembrane arrangement of presenilin (6) . Recently, two crystal structures in the GxGD protease family, both from archeobacterial sources, have been reported. The first, FlaK, is a preflagellin peptidase with its structure solved at 3.6 Å resolution (7) . Unlike presenilin which has 9 transmembrane domains, FlaK has 6. The second crystal structure is a presenilin homolog (PSH) from M. marisnigri, whose function in the archeobacteria is currently unknown (8, 9) . Like presenilin, it has 9 transmembrane domains, and has 19% identity and over 50% similarity to presenilin-1 (PS1) (9) . The structural fold of the catalytic regions of FlaK and PSH is consistent with the predicted structure of presenilin (7, 9) .
Interestingly, it has been suggested that presenilin can act as a Ca 2ϩ ion channel, and the dysregulation of Ca 2ϩ activity contributes to the progression of FAD (10) , although the mechanism is controversial (11) (12) (13) (14) (15) (16) (17) (18) . Traditionally proteins are thought to have one function. As it is not generally thought that proteases can have dual functions as ion channels, we investigated if ion channel activity is present in the GxGD proteases, namely PSH and FlaK, i.e.: if they are chanzymes.
We took advantage of the published crystal structures of both of these proteins, and used them as surrogates to investigate if proteases, and by extension, presenilin can also be ion channels. Here, we demonstrate that both PSH and FlaK form cation channels in lipid bilayers. We use a series of mutations in both PSH and FlaK to interrogate the channel activity, and to determine the relationship to the protein secretase function. We also test the ability of FlaK to modify calcium signaling in mammalian cells. A mutation that affected the enzymatic activity of FlaK, rendered the channel catalytically dead and altered the ion selectivity, indicating that the ion channel and the catalytic activities are linked. We report that the GxGD proteases, PSH and FlaK, are the first true "chanzymes" with interdependent ion channel and protease activity conferred by a single structural domain embedded in the membrane.
EXPERIMENTAL PROCEDURES
Constructs-A pET21 bacterial expression was used to express PSH (incorporating the 5 mutations previously identified to increase protein stability: D40N, E42S, A147E, V148P, A229V) and wild type FlaK (WT FlaK) for protein production (7, 9) . QuiKChange mutagenesis (Agilent, Santa Clara, CA) was used to generate the mutations D79N FlaK, 2Cys-FlaK, and PSH D1623 A; D2203 A.
Protein Construction-Plasmids were transformed into BL21 DE3 cells. Cells were grown to an A 600 of ϳ0.6, and then protein production induced by the addition of 1 mM IPTG. Spheroplasts were made and the protein was purified as previously described (9) . Protein was run over Cobalt gel-filtration columns to separate out the protein from contaminants. The purity of the proteins and all mutants were examined by SEC-MALS, and also on Coomassie Blue gels. Cobalt column purified PSH was applied to partial proteolysis by endoproteinase Glu-C (V8 protease from Sigma) at room temperature for 30 min at 0.03 mg/ml. The processed protein was further purified by size exclusion chromatography. The peak fractions were pooled for functional studies.
Consistent with purifications previously published results, no observable contaminants which could impair experiments was detected (7) . The proteolytic activity of the proteins was also assessed; either by testing as previously reported, or with mammalian cell lysate (for an example, see Fig. 4 ).
Lipid Bilayer Studies-Purified PSH or FlaK protein (7) (2-4 ng/ml) was added to lipid bilayers containing phosphatidylethanolamine and phosphatidylcholine (3:1 w/w) dissolved in decane (40 mg lipid ml Ϫ1 ) (Avanti Polar Lipids, Alabaster, AL). All experiments were performed with 250 mM NaCl, KCl, or 50 mM CaCl 2 on the cis side and 50 mM NaCl, KCl, or 10 mM CaCl 2 on the trans side. All solutions had a pH of 7.35 and contained 10 mM Tris. Experiments were performed under voltage clamp conditions on a Bilayer Clamp BC-525C (Warner Instruments, Hartford, CT).
Recordings were filtered at 20 kHz and digitized at 1 kHz for single channel analysis using pClamp 9.0 software (Molecular Devices, Sunnyvale, CA). Open probability was determined by using current recordings from 30 s of continuously recorded data. Current amplitudes were determined by running single channel searches over at least 30 s continually recorded data, and included more than 100 channel openings per recording. All representative current traces presented were further filtered at 500 Hz and are 5 s long. For esthetic purposes, regularly timed equipment resets have been digitally removed.
Calcium Imaging-Murine embryonic fibroblasts (MEFs) or LLC-PK1 cells were transfected wild type FlaK (WT FlaK) with a C-terminal His tag cloned into pCMV-ER (Invitrogen), upstream of mCherry. QuiKChange mutagenesis was used to generate D79N FlaK and 2Cys FlaK (Agilent). Cells were preincubated in Fura-2AM (5 M with 0.1% pluronic acid and 2.5 M probenecid, Invitrogen) and incubated in imaging buffer (in mM: 130 NaCl, 4.7 KCl, 1.2 KH 2 PO 4 , 1 MgSO 4, 1.25 CaCl 2 5 dextrose, and 20 HEPES, pH 7.4) at 37°. Ionomycin (5 M) was used to empty stores in the presence of imaging buffer with the Ca 2ϩ replaced with 1 mM EGTA and 1.25 mM MgCl 2 . Fura-2AM was excited with a Lamba DG4 fitted with 340/380 nm excitation filters (Sutter), and images collected with an OrcaER CCD camera (Hanamatsu) mounted on an Olympus microscope and using MetaMorph software (Molecular Devices). One-tailed unpaired Student's t test was used to determine significance with p Ͻ 0.05.
RESULTS
PSH Forms a Monovalent Cation Channel-As PSH and FlaK are proteases containing the same GxGD catalytic motif found in presinilin ( Fig. 1A) , we tested the idea that PSH and FlaK are ion channels. We started by reconstituting purified PSH protein (including the 5 stabilizing mutations that were made in the crystallized structure (9), but do not alter enzymatic activity, to enable direct comparisons with the solved structure) into a lipid bilayer. Downward deflecting currents of ϳ1.5 pA at 0 mV were detected with a 250:50 mM NaCl gradient, indicating that PSH conducted Na ϩ (Fig. 1B ). Currents were recorded over a range of voltages, with a conductance of ϳ35 pS calculated for Na ϩ (Fig. 1C ). There was no indication that PSH could conduct anions. As prokaryotic cells are very small, and do not contain an endoplasmic reticulum (ER), they do not buffer Ca 2ϩ as efficiently as mammalian cells. Thus, they are not expected to have Ca 2ϩ selective channels. Consistent with this, no currents were observed when the bath solution was 50:10 mM CaCl 2 cis:trans, respectively, over a range of voltages.
Catalytic Dead PSH Still Forms a Monovalent Cation Channel-To determine if the catalytic site in PSH influences channel activity, we engineered a double AA mutation at both conserved catalytic aspartates, which has previously been demonstrated to abolish all catalytic activity (8, 9) . In presenilin, the catalytically important aspartic residues are also associated with endoproteolysis, and disruption of these residues is associated with FAD (1). In the bilayer, the catalytic dead mutant conducted Na ϩ and K ϩ but not Ca 2ϩ (Fig. 1D ).
In the crystal structure of PSH, a "hole" comprising of helices 2 and 3 was observed (9). The "hole" spanned the distance of the bilayer, and had a diameter that would be suitable for hydrated ions (ie: greater than 2 Å) to pass through (9) ( Fig. 1E ). It was previously speculated that this "hole" could constitute a channel pore (9, 17, 20) . It was also interesting to note that the "hole" was lined with positively charged ions, which would hinder the passage of positively charged ions such as Na ϩ . We noted that the helices that are responsible for the "hole" are missing in another crystalized GxGD protease, FlaK. We therefore hypothesized that removal of these helices, as observed in FlaK, would be ideal to test whether a six-transmembrane GxGD protease lacking the "hole" could form a functional ion channel.
FlaK Forms a Monovalent Cation Channel-To test the hypothesis that FlaK also formed an ion channel, we reconstituted purified wild type (WT) FlaK protein into a lipid bilayer. Downward deflecting currents of ϳ2 pA at 0 mV were detected with a 250:50 mM NaCl gradient, indicating that WT FlaK conducted Na ϩ ( Fig. 2A ). Currents were recorded over a range of voltages to determine the ion and voltage sensitivity of the channel (Fig. 2, A and F) . The channel formed by FlaK was nearly ideally cation selective, but not voltage sensitive, as found for PSH. The slope conductance for Na ϩ was calculated to be 85 pS, larger than PSH. The open probability of PSH at 0 mV was around 5%, and the open dwell time was around 3 ms, although examples of longer opening were also detected ( Fig. 2 , A-C). A similar current amplitude of 2 pA at 0 mV and a slightly higher slope conductance of 97 pS was obtained when K ϩ was used as a charge carrier (Fig. 2, D and F) . Again, consistent with FlaK being a prokaryotic ion channel protein, no currents were observed when the bath solution was changed to 50:10 mM CaCl 2 cis:trans, respectively, over the voltage range of Ϫ80 to ϩ80 mV ( Fig. 2E ).
Although there are no known specific inhibitors of FlaK, we used gadolinium, an ion channel blocker of transient receptor potential channels (21) . The open probability of WT FlaK at 0 mV was decreased with 10 M Gd 3ϩ added to the cis side of the membrane (Fig. 2G ). Increasing the Gd 3ϩ concentration to 200 M fully inhibited all channel activity ( Fig. 2H ). Taken together, this suggests that WT FlaK, like PSH acts as a non-voltage, non-ligand dependent monovalent cation channel in addition to its known function as a GxGD protease. Thus, FlaK, like PSH, is a chanzyme. Moreover, the data suggest that a protein without the helices required to form the "hole" identified in crystal structures still enables the protein to form a channel.
Catalytic Dead FlaK Forms a Divalent Cation Channel-To interrogate if the channel activity of FlaK was linked to its catalytic activity, we created two mutations (Fig. 3A) . The D79N mutation completely abolished protease activity (7) . Addition of D79N FlaK to the bilayer with a Na ϩ gradient resulted in channel activity with higher current amplitude compared with WT FlaK, and a near doubling of the slope conductance to 195 pS ( Fig. 3, B and C). The increased conductivity of Na ϩ in the D79N mutant is similar to the reports of increased Ca 2ϩ conductance by mutations in holopresenilin, including the removal of the self-cleavage site of presenilin (10) . Interestingly, D79N FlaK was now Ca 2ϩ permeable, with a slope conductance of 120 pS and current amplitude of ϳ2 pA at 0 mV (Fig. 3, B and C) . The permeability of D79N FlaK was Na ϩ ϾK ϩ ϳCa 2ϩ .
To further test that FlaK proteolytic activity was linked to the channel activity, a second mutant, with two cysteine residues that spontaneously cross-link FlaK through ␣-helices 2 and 6 and has no protease activity was also examined ( Fig. 3A) (7) . In the bilayer, 2Cys FlaK was able to conduct Na ϩ , but not Ca 2ϩ , and the activity was not enhanced by addition of the reducing agent DTT (Fig. 3 , D-F), although these agents do restore catalytic activity (7) . Addition of reducing agents did not affect WT FlaK current amplitude or single channel activity (Fig. 3G) .
The results obtained using the two FlaK mutants D79N and 2Cys suggest that FlaK channel activity can be separated from protease activity, but that the ion selectivity is linked to critical MARCH 6, 2015 • VOLUME 290 • NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 6421 catalytic residues in ␣-helix 4, which harbors the GxGD motif. The data obtained from the PSH mutant suggest that although the catalytic site can modulate channel activity, disruption of the catalytic site is not sufficient to prevent channel activity. Taken together, the data suggest that the ion channel activity can be modulated by the catalytic properties of the protease, and that these two features are interdependent.
Proteases Form Ion Channels
FlaK in Mammalian Cell Alters Calcium Homeostasis-Although planar bilayer experiments provide essential answers on the channel activity of FlaK, we wanted to confirm in a different system that the D79N FlaK mutant altered Ca 2ϩ homeostasis. We therefore expressed FlaK and the D79N FlaK constructs in LLC-PK1 and mouse embryonic fibroblasts (MEFs). Initial experiments showed that expression of FlaK resulted in cellular death, either due to the intrinsic enzymatic activity of FlaK, or due to its monovalent cation conductance. To reduce the effect of a non-selective cation channel, we targeted FlaK to the ER and confirmed its localization and expression levels by including a C-terminal mCherry-His tag and an ER localization sequence (Fig. 4, A and B) . To test if FlaK still retained intrinsic catalytic activity in a mammalian environment, we reasoned that FlaK would be capable of cutting endogenous presenilin. Consistent with our hypothesis, we found that expression of presenilin to be decreased in the FlaK transfected cells, but not in the mCherry or the D79N FlaK-transfected cells (Fig. 4C ).
To confirm that this was a direct effect of FlaK cutting the protein, and not of some nonspecific effect, we conducted an in vitro assay by incubating increasing amounts of purified FlaK, the same protein used for the lipid bilayer experiments, with cell lysates obtained from LLC-PK1 cells (Fig. 4D ). In these experiments, we found that that the presenilin band disappeared, but another ER protein, InsP3R3 remained intact. These results confirmed that the purified FlaK used for the bilayer experiments retained its proteolytic activity, and that FlaK, when expressed in a mammalian cell also retains catalytic activity.
As we had now tested the catalytic activity of FlaK and D79N FlaK, we then went on to test if Ca 2ϩ homeostasis was altered upon expression of the D79N FlaK mutant. In mammalian cells, we found that the resting Ca 2ϩ levels, as measured with the ratiometric Ca 2ϩ indicator Fura 2AM, was significantly lower in D79N FlaK-transfected cells compared with either FlaK or mCherry (control)-transfected cells (Fig. 4, E and F) . As our bilayer data suggested that D79N FlaK acts as a leak channel, we reasoned that the ER store concentration of Ca 2ϩ would also be lower in the D79N FlaK-transfected cells. To test this hypothesis, we added 5 M ionomycin (Fig. 4G) , and found that the released Ca 2ϩ from the D79N FlaK-transfected cells was significantly lower than the levels in mCherry or FlaK-transfected cells. These mammalian cell data therefore support the planar lipid bilayer results as they demonstrate that a single mutation that renders FlaK catalytically inactive also modifies Ca 2ϩ homeostasis in mammalian cells.
An Intact Loop for PSH May Be Required for Pore Formation-It has been previously reported that presenilin forms a Ca 2ϩ channel, however, a distinguishing feature of the currents was that the amplitude was small, and they were primarily observed as an increase in membrane current noise (10) . In contrast, the channels formed by FlaK and PSH had larger amplitudes than the ones previously reported in presenilin (10). One major difference between the proteins used in our study and presenilin, and indeed, the published PSH crystal structure 
. Catalytic dead FlaK variants D79N and 2Cys FlaK have cation channel activity.
A, schematic diagram of the mutations made to FlaK to diminish its catalytic activity. In this top view cartoon, without the soluble domain for clarity, the catalytic critical core structure is shown in red. The highly conserved motifs contributing to the catalytic site are in yellow. The D79N, E25C, and I206C mutations made in this work are highlighted in green in a stick model. The helices are labeled ␣1-6. B, reconstitution of D79N FlaK into the lipid bilayer results in Na ϩ currents similar to WT FlaK (left traces). D79N FlaK conducts Ca 2ϩ (right traces). Currents were obtained with 50:10 mM Ca 2 Cl cis:trans. C, current-voltage relationship of D79N FlaK with Na ϩ , K ϩ or Ca 2ϩ as charge carrier. Each point is the average of Ͼ100 channel openings from three different protein preparations. D, insertion of 2Cys FlaK into the lipid bilayer resulted in monovalent cation channel activity (left traces). Breaking the crosslinking disulfide bonds with DTT did not affect channel activity (right traces). Experiments were performed with 250:50 mM NaCl cis:trans. E and F, 5 mM DTT does not have a significant effect on Na ϩ current amplitude (E) or the Na ϩ current open probability (F) of the channel formed by WT or 2Cys-FlaK (n ϭ 3-5). Error bars represent the S.E. G, WT FlaK inserted into the bilayer was not affected by the addition of 5 mM DTT. Traces are taken from experiments containing 250:50 mM NaCl cis:trans, at 0 mV holding potential. (9) , is that 20 amino acids (residues 182-209) on the surface were trimmed by the addition of the V8 protease. The trimmed region is analogous to the extracellular loop that is subjected to presenilinase cleavage in presenilin (exon 9, Fig. 5A ). Intriguingly, for presenilin, deletion of exon 9 has been associated with a FAD causing mutation (1) . Moreover, disruption of exon 9 alters channel function (10) .
We therefore tested to see if disruption of this loop could alter the channel activity. The protein was incubated with V8 protease, and the cleaved product purified. Remarkably, disruption resulted in the near abolition of all channel activity, from around 10% to 1% activity (Fig. 5, B and C) . These results suggest that the loop is either critical for the arrangement of helices required to form the pore, or that it contributes to the pore. The published structure suggested that helices 6 -9 would be required for the formation of the pore; however, both the cut and uncut versions still have enzymatic activity.
DISCUSSION
Proteins are traditionally thought to have one function. For example, ion channels only conduct ions, and proteases only cut protein substrates. In this study, we have demonstrated that two GxGD proteases, PSH and FlaK, can also form monovalent cation channels. Secondly, we show that disruption of the GxGD catalytic motif (analogous to those that are associated with FAD) alters the ion selectivity of FlaK from monovalent to divalent cations, indicating that the ion channel properties and the catalytic activity are related. We propose that archeobacteria GxGD proteases, are true chanzymes, in that they have both enzymatic and ion channel properties in the same structural domain. Our data provide additional support to the suggestion that presenilin-like proteins have the capability of acting as ion channels.
We demonstrate that the enzymatic activity of FlaK is inextricably linked to the ion channel activity, and both the protease and the ion channel features are essential in maintaining function of this chanzyme. Other than presenilin, only the TRPMs have been identified to act as both enzymes and ion channels (19) . However, the kinase activity of TRPM6 and TRPM7 is localized to the C terminus tail of the protein, and is largely independent of the ion channel activity. It remains to be seen whether ion channel features extend to other transmembrane proteins that are not traditionally thought to be ion channels. We speculate that these non-traditional channels could have important functional ramifications. Moreover, similar characteristics of other transmembrane membrane proteins may underlie the unresolved "leak" that is observed across cellular membranes including the plasma and ER membranes (16) .
Our results show that WT and mutant PSH and FlaK conduct cations in a bilayer, and disruption of the protease activity can influence ion selectivity. Our results are in agreement with the finding that the holoform of presenilin conducts cations, and supports the presenilin leak hypothesis (10, 22, 23) . Our data fit with FlaK and PSH as evolutionarily earlier di-aspartyl membrane proteases that later acquired divalent cation permeability. Indeed, our results demonstrate that a single amino acid change is sufficient to alter the ion selectivity of FlaK, and the mutant FlaK can alter Ca 2ϩ homeostasis in mammalian cells. The change in the store load of Ca 2ϩ is comparable to published reports about leaky Ca 2ϩ channels, for example, mutations to the ryanodine receptor that are associated with heart failure (24) . Interestingly, we observed a near abolition of ion channel activity with the cleaved form of PSH, where residues were removed in an analogous position to the internal presenilinase site. We therefore speculate that the cleaved form of presenilin, like PSH, does not readily form an ion channel. This finding is supported by other studies that suggest that the cleaved form of presenilin acts as a dynamic modifier of either the RyR or InsP3R to modulate Ca 2ϩ signaling (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) .
How can the secretases form a channel? One possibility is oligomerization. Supporting this idea, we superimposed the mutations in presenilin that are disease causing but not on the helices that contain the catalytic residues (Fig. 5D ). The superimposition demonstrates that a number of the presenilin mutations are found in the helices that are believed to form the interface between neighboring PSH molecules. We therefore speculate that oligomerization is essential for channel activity, and alteration of this arrangement, either by presenilinase or by removal of specific residues can significantly disrupt channel activity. There is some evidence supporting oligomerization of the secretases: In the crystal structure, FlaK in a detergent mixture of Foscholine-12 and Cymal-6 was packed as a dimer with a quite large interface in one asymmetric unit (7) . Similarly, PS1 forms homodimers, where a catalytic site can be made from two inactive presenilin monomers (35) (36) (37) (38) .
Alternatively, the crystal structures of both FlaK and PSH reveal a water filled vestibule lined by transmembrane segments 1, 2, 6, and 4, which is believed to form the area where protein substrates dock to be cleaved (7) . Interestingly, the enzymatic cavity in PSH is larger than what would be necessary to permit monovalent cation permeation (7.5 Å). This large cavity suggests that it would be possible for ions to pass through in the absence of transmembrane rearrangement, which is required for substrate cleavage. Likewise, transmembrane segments 6, 7, 8, and 9 of PS1 are believed to form a similar arrangement (39), where transmembrane 9 of PS1 is a moveable unit, analogous to transmembrane 6 of FlaK (40) . Based on the arrangement of the helices in FlaK, it would be possible for small monovalent cations to pass through the cavity. However, our finding that the crosslinked 2Cys FlaK still conducted cations suggests that helices 2 and 6 may not be involved in pore formation, or that movement of these helices may not be required. The rigidity of the 2Cys FlaK mutant also limits the movement of transmembrane 4, which is critical in catalytic activity. It is possible that a The corresponding residues in presenilin that are known to be associated with FAD are highlighted in either red or green. These residues were selected from an alignment of PSH and presenilin previously published (9) . A side-on view of the interface between two neighboring PSH molecules is shown (bottom right). single crosslink was not sufficient to block the putative pore, and that additional crosslinks are required.
Our study shows that the archeobacterial proteins PSH and FlaK have dual functions as both ion channels and as proteases, the two activities are interdependent, and the apparent hole in PSH does not contribute to ion activity. We suggest that our data broadens the definition of what constitutes an ion channel, and it remains to be seen whether other transmembrane proteases also have ion channel functionality. Within the context of ␥-secretases, these data provide support for all existing Ca 2ϩ -dependent hypotheses about presenilin in that GxGD protease family members are chanzymes, where they can act both as an ion channel and as a modulator of Ca 2ϩ homeostasis via enzymatic activity.
